We report on vapochromic films suitable for detecting volatile organic compounds (VOCs), based on new polystyrene copolymers containing julolidine fluorescent molecular rotors (JCAEM).
Introduction
Recently, the introduction of luminescent aggregachromic dyes into polymer films has been effectively used for the preparation of materials showing both typical polymer properties and optical response to visible light. [1] [2] [3] The basic principle of these chromogenic materials relies on colour changes in absorption or in emission associated with the structural modifications of the molecular assemblies of dyes dispersed in the polymer phase. The development of chromogenic materials is placed alongside the development of fluorophores with Aggregation-Induced Emission (AIE) features, which are rapidly expanding in literature. [4] [5] [6] The AIE phenomenon is based on the fact that chromophore aggregation plays a constructive, rather than destructive, role in the light emitting process. AIE fluorophores are non-emissive when molecularly dissolved in good solvents, but become highly luminescent when aggregated in poor solvents or in the solid state thanks to a mechanism of restriction of intra-molecular rotation (RIR). 5, 7 Such a behaviour enables the AIE to find potential high-tech applications as chemosensors, bioprobes, solid-state emitters with different emission ranges. 4, 8 Notably, AIE systems with donor-acceptor structure are also called Fluorescent Molecular Rotors (FMRs). In FMRs, the AIE effect is often ascribed to a non-emissive twisted intramolecular charge transfer (TICT) state which occurs in solution, while in aggregates or in viscous media, transition from LE to TICT is inhibited. 5 Those molecules have become rather popular in the last 5-10 years thanks to their easy applicability as non-mechanical viscosity sensors, tools for protein characterization, and local microviscosity imaging. [9] [10] [11] [12] The application of FMRs in solution has been widespread since several years, and examples of their use in combination with polymer matrices have been efficiently reported for the detection of volatile organic compounds (VOCs). [12] [13] [14] VOCs are continuously released into the environment by different sources like industrial processes, transportation, agriculture, etc. and some of them have adverse effects on human health.
For example, julolidine-based FMRs were found to exhibit viscosity-dependent emission properties when dispersed at low loadings (< 0.1 wt.%) in polystyrene (PS) films. 4 films to a saturated atmosphere of well-interacting VOCs (e.g., chloroform and toluene) caused polymer matrix plasticization thus yielding a significant drop of FMR fluorescence due to the favoured relaxation from the non-emissive TICT excited state.
Fluorophore dispersion into polymers is certainly a sustainable procedure and largely applied to proprietary polymers. 3 Nevertheless, efforts must be taken into account to prevent dye segregation and to confer the fastest response under VOCs exposure. This last issue is fundamental for the development of plastic sensors to VOCs.
Accordingly, it is expected that the introduction of julolidine-based FMR structure into the typical PS backbone may bring the polymer substantial selectivity and sensitivity when it is used for the detection of VOCs. Thereby, poly(styrene-co-hydroxyethylmethacrylate) copolymers functionalyzed by cyanovinyl-julolidine moieties of different compositions were designed and synthesized (P(STY-co-JCAEM)(m), with cyanovinyl-julolidine units content m = 0.06-0.61).
Copolymer films were obtained by spin-coating on glass plate surfaces, and their sensing performances to VOCs were investigated with a homemade apparatus (Scheme 1).
Scheme 1. Experimental set-up adopted for the determination of the vapochromic response of spincasted P(STY-co-JCAEM)(m) films
Experimental part

Materials and methods
Julolidine, sodium acetate anhydrous and pyperidine, were purchased from Aldrich and used as received. Phosphorous oxychloride (Aldrich), was purified by distillation at reduced pressure.
Cyanoacetic acid (Aldrich) was recrystallized from a mixture of toluene/acetone 2:3 v/v. were utilized without further purification.
Synthesis of 9-formyljulolidine (FJUL)
The synthesis of 9-formyljulolidine was carried out modifying a reported procedure. 16, 17 In brief, phosphorous oxychloride (0.7 mL, 7.65 mmol) was added dropwise to N,N-dimethylformamide (2 
EI-MS m/z (%): 381 (100, M + ).
Scheme 2.
Reaction pathway for the synthesis of the JCAEM monomer
Synthesis of random copolymers P(STY-co-JCAEM)(m)
Free radical copolymerization of styrene with various amounts of JCAEM led to copolymers P(STY-co-JCAEM)(m), where "m" indicate the molar content of JCAEM in the copolymer composition (Scheme 3). We describe in detail the typical preparation for the P(STY-co-JCAEM)(0.12).
A solution of JCAEM (0.0050 g, 0.013 mmol), Styrene (1.10 mL, 9.602 mmol) and AIBN (0.0100 g, 0.061 mmol) in anhydrous toluene (10 ml) was introduced into a dry reaction tube with a Rotaflow PTFE tap under nitrogen. After three freeze-pump-thaw cycles, the tube was sealed under vacuum through the PTFE screw at the top and the polymerization was let to proceed at 60 °C for 7 days. After cooling to r.t., the polymer was then recovered by precipitation into methanol. The polymer was centrifuged and the supernatants collected and then dried at reduced pressure. The polymer was finally purified by repeated precipitations from dichloromethane solutions into methanol. Yield 68%; M n = 13 700 g mol -1 (by GPC). 
FT-IR (
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Preparation of P(STY-co-JCAEM)(m) films
Thin polymer films (4 µm) of P(STY-co-JCAEM)(m) were obtained by spin-coating on glass substrate. A 2.4x2.4 mm glass cover slip was cleaned and then placed on the vacuum chuck holddown of a WS-400B-6NPP-LITE (Laurell Technologies Corp.) spin-coater. A viscous solution of the copolymer (5 mg) in CHCl 3 (40 µL) was placed in the centre of the glass, and the coating was performed at a 750 rpm for 22 sec., with an acceleration index of 004 (~448 rpm·s -1 ). The obtained films were allowed to slowly dry at r.t. for 24 h before any measurement. Film thickness was measured with a dial indicator Borletti CM1S with ruby movement bearing.
Characterization of materials
FT-IR spectra were recorded through a Perkin-Elmer Spectrum GX FT-IR at room temperature, on pellets made from grinding mixtures of anhydrous KBr with ~1% w/w of the solid product, and pressing the mixture. EI-MS spectra were recorded at 70 eV by GLC-MS, performed on an Agilent 6890N gas-chromatograph interfaced with Agilent 5973N mass detector. NMR spectra were recorded with a Bruker Advance DRX 400 at room temperature at 400 MHz ( 1 H) and 100 MHz ( 13 C) and were referred to the residual protons of deuterated solvents.
Gel permeation chromatography (GPC) was used to determine molecular weights and molecular weight dispersion (M w /M n ) of polymer samples with respect to polystyrene standards. GPC The fluorescence quantum yield (Φ) in methanol/glycerol mixtures was determined at room temperature relative to fluorescein (Φ s = 0.79 in 0.1 N NaOH) according to the relation:
where the subscripts ST are referred to standard, the integrals ( ) 
In the same way, the viscosity of MeOH/Glycerol mixtures was predicted by the Grunberg-Nissan simplified additive rule:
where the subscripts 1 and 2 are referred to solvent 1 and 2 respectively, ! are the volume fraction, ! are the refractive index and ! are the viscosity of pure substances.
The chemical composition of copolymers was evaluated by UV-Vis spectroscopy by means of a calibration curve obtained form 5·10 -7 -1·10 -5 CHCl 3 solutions of JCAEM.
Emission spectra (λ exc 430 nm) of polymer films were recorded on the same spectrofluorometer in the dark by using a F-3000 Fibre Optic Mount apparatus coupled with optical fibre bundles. Light generated from the excitation spectrometer is directly focused on the sample using optical fibre bundles. Emission from the sample is then directed back through the bundle into the collection port of the sample compartment. The emission response of the films was tested by exposing the sample held by a steel tripod in a 50 mL beaker closed by a pierced aluminium foil lid (scheme 1), to 20 mL of various organic solvents of different vapour pressure and PS-solvent Flory-Huggins interaction parameter χ (Table 1) , at 25 °C and atmospheric pressure. 
Results and discussion
Synthesis
The synthesis of the hydroxyethylmethacrylate monomer functionalyzed by a cyanovinyl-julolidine moiety (JCAEM, Scheme 2) and its incorporation into styrene polymers by conventional radical polymerization have never been described before. Four distinct copolymers were prepared and containing progressive amounts of JCAEM, i.e. from 0.06 to 0.61 mol%, as determined by 1 H NMR and UV-Vis experiments, i.e. assuming the julolidine-based FMR to have the same molar extinction coefficient as the corresponding low molecular weight dyes (JCAEM).
The polymerization feed was tuned so that the resulting fluorophore concentrations could be comparable with those of PS films containing dispersed julolidine based fluorophores already reported in literature by our group. 15 It is worth noting that no evident effect of JCAEM comonomer on the copolymers molecular weight and thermal properties is present. The copolymers showed a glass transition temperature close to 100 °C, while they started degrading above 410 °C.
Optical properties in solution
JCAEM methanol solution showed absorption maximum around 460 nm (ε = 57,450 M -1 cm -1 ), with emission maximum between 470 and 500 nm. Quantum yield was negligible (Table 3) , due to the formation of a TICT excited state, which rapidly decayed in a non-radiative way through internal rotation. Table 3 ). JCAEM experienced a strong increase in quantum yield (about 25 times higher) when dissolved in viscous environments like glycerol solutions (viscosity η = 945 mPa·s at 20 °C for glycerol, as compared to 1.2 mPa·s for methanol). According to the literature, 24 in viscous media the molecular internal rotation is hindered, thus favouring a radiative decay of the LE state and an increase in quantum yield.
22, 23
Conversely, the absorption and emission wavelength appeared less sensitive to polarity variations (dielectric constant ε = 45.2 for glycerol, as compared to 32.7 for methanol) and the red-shift in glycerol was limited to 10 nm. JCAEM FMR can be therefore utilized as viscosity probe even in environments where polarity changes are expected. Intensity (a.u.)
Wavelength (nm)
The x parameter, i.e. the viscosity sensitivity of the FMR, was found to be between 0.46, in agreement with the highest values reported for similar systems in literature. 25 The effect of the JCAEM covalent incorporation in the PS backbone is clearly visible in figure 2.
We selected two chloroform solutions (the shift from methanol to chloroform was required due to the insolubility of the copolymer in the former solvent) containing JCAEM and P(STY-co-JCAEM)(0.06), respectively, with the same concentration of JCAEM chromophores as confirmed by UV-vis absorptions. 
Vapochromic behaviour of P(STY-co-JCAEM)(m) film
Thin polymer films (4 µm) of P(STY-co-JCAEM)(m) were obtained by spin-coating on 2. One of the peculiarities of FMRs is their emission variation in response to changes in viscosity or sterical constraints. It is reported that interactions between a polymer and vapours of a suitable solvent are able to induce an evident relaxation of macromolecular chains (localized plasticization).
This phenomenon is followed by a greater mobility with an increase in the free volume and a consequent decrease in the local microviscosity. 26 On this account, the fluorescence emission of FMRs dispersed in glassy amorphous polymer films was reported to be strongly affected by vapour exposure, even if a fast vapochromism during the early stages of exposure is still required. 12, 14, 15 We therefore explored the effect of several VOCs on the emission behaviour of P(STY-co-JCAEM)(m) thin films by selecting different kinds of organic solvents. An illustration of the fluorescence emission dependence on exposure time to chloroform vapours is shown in figure 3 .
Notably, the P(STY-co-JCAEM)(0.06) films underwent a significant variation in emission intensity when exposed to a saturated atmosphere of chloroform ( Figure 3) . 27 Interestingly, the value of the fluorescence variation collected at the end of the analysis showed an almost linear decreasing trend with the chloroform mole fraction in the gas phase ( Figure 6 ). 
Conclusions
We have demonstrated that julolidine-based FMR (JCAEM), characterized by sensitivity toward solvent viscosity, once copolymerized with styrene, confers significant vapochromic features to the resulting polymer films. Poly(styrene-co-hydroxyethylmethacrylate) copolymers functionalyzed by cyanovinyl-julolidine moieties of different compositions (P(STY-co-JCAEM)(m), with m = 0.06-0.61) exhibited viscosity-dependent emission properties when exposed to saturated atmospheres of volatile and well interacting VOCs. These films showed a pronounced decrease in their emission due to solvent-induced changes in the local viscosity of the medium, and their response appeared faster and more pronounced for copolymers with the lowest JCAEM content, as expected. On the contrary, the films emission remained unaffected when barely interacting VOCs were tested such as methanol, acetonitrile and cyclohexane. It is worth noting that the observed vapochromic response of (P(STY-co-JCAEM)(m) resulted much faster than that of julolidine-based FMR dispersed in PS films. 15 This behaviour can be ascribed to the role of the covalent approach in providing more reactive FMR moieties being uniformly distributed in polymer films with reduced thickness.
All these findings consistently support the effective preparation and use of julolidine-enriched styrene copolymers as a new class of powerful vapochromic plastic materials.
